Abstract. Several lines of prion protein gene (Prnp)-knockout mice such as ZrchI, ZrchII, Npu, Ngsk and Rcm0 have been generated. Of these, ZrchII, Ngsk and Rcm0 exhibit late-onset ataxia due to ectopic expression of Doppel (Dpl); a result of damage to the splicing acceptor of Prnp exon 3. Recently, we developed another line of Prnp -/-mice (Rikn), which was generated by gene targeting with more nucleotides by replacing intron 2 with the pgk-neo gene (cf. Ngsk Prnp -/-mice) and showed not only ataxia but also a lower olfactory sensitivity than the other Prnp -/-mouse line ZrchI at over 60 weeks of age. The histopathology of the elderly Rikn Prnp -/-mice showed mitral cell loss concomitantly observed with gliosis of astrocytes. Western blot analysis showed that Dpl was detected in the cerebrum, cerebellum and olfactory bulb of Rikn Prnp -/-mice, where aberrant histopathology was observed. Thus, mitral cell loss and gliosis induced by ectopic Dpl expression were probably associated with the late-onset olfactory deficits in Rikn Prnp -/-mice.
Introduction
Cellular prion protein (PrP C ) is a glycosylphosphatidylinositol (GPI)-anchored protein highly expressed in the central nervous system (CNS). PrP C is expressed specifically in neurons and to a lesser extent in lympho-reticular tissues (1, 2) . In attempts to study the function of PrP C , several lines of prion protein gene (Prnp)-knockout mice have been generated using different designs of gene disruption. The first two lines of Prnp -/-mice, ZrchI and Npu, showed normal development and growth (3, 4) . However, the third line of Prnp -/-mice (Ngsk Prnp -/-) developed late-onset ataxia accompanied by Purkinje cell degeneration (5) . Recently, an additional independently generated Prnp -/-(Rcm0) also manifested similar late-onset ataxia (6) . It has been suggested that PrP C may have a role in the long-term survival of Purkinje neurons. However, it was unclear why Nsgk Prnp -/-and Rcm0 Prnp -/-mice developed fatal ataxia while the two other lines of Prnp -/-mice (Zrch I and Npu) exhibited no such CNS dysfunctions. Previous studies on regions flanking the human, sheep and mouse Prnp in cosmid clones have failed to reveal any additional open-reading frames (ORF). In fact, a novel Doppel (Dpl)/prion protein (PrP)-like gene was located when subsequent sequencing of a cosmid clone isolated from an I/LnJ-4 mouse was attempted in downstream investigations of Prnp (6, 7) .
Discovery of the Dpl not only represents the first finding of PrP-related protein expression, but it also provides an explanation for some otherwise unaccountable characteristics in other lines of Prnp -/-mice described above. Dpl, a glycoprotein encoded by Prnd, harbours ~25% sequence identity with two-thirds of the C-terminal of PrP C . This glycoprotein is predicted to contain three α-helices and two disulfide bonds, albeit notably lacking an octarepeat domain located at the N-terminus of PrP C (6) . Abundant Prnd mRNAs are not found in the brains of wild-type (WT) mice, although high levels of mRNA species of 1.7 and 2.7 kb are present in both the heart and testis (6) . The Rcm0 and Ngsk lines differ from asymptomatic Prnp -/-mice in that they carry genomic deletions that extend beyond the Prnp ORF, stretching to intron 2 at the 5' end and 3'-untranslated region at the 3' end of the Prnp mRNA. These deletions eliminate the Prnp exon 3 splice acceptor site and generate high levels of the Prnd transcript in the brain by an unusual mechanism(s) involving exonskipping and intergenic splicing (6) .
A recently generated Prnp -/-line, designated as Rikn by Yokoyama et al (8, 9) , has exhibited no obvious behavioral changes with normal physical activity at a young age. Histopathological analysis. Mice were anaesthetized with diethylether and perfused transcordially with 4% paraformaldehyde fixative in phosphate-buffered saline (PBS) adjusted to pH 7.4. After perfusion, the brain of each animal was immediately removed and immersed in the fixative overnight at 4˚C. Coronal sections of the olfactory bulb and sagittal sections of the cerebrum and cerebellum were prepared. Tissue specimens were dehydrated with a graded ethanol series and embedded in paraffin. Serial sections (6-μm thickness) were deparaffinized in xylene and rehydrated in a series of graded ethanol before staining with hematoxylin and eosin (H&E) reagent and subsequent observation under light microscopy. Purkinje cells of the cerebellum and mitral cells of the olfactory bulb were accordingly counted (magnification, x200) using 10 adjoining squares as a counting grid with each side measuring 100 μm. The adjoining squares were counted for each site, and the respective counts were indicated. 16 primer. RNA was reverse transcribed at 37˚C for 45 min, followed by enzymatic denaturation at 99˚C for 8 min. In performing the PCR, diluted cDNA was amplified in a reaction mixture containing 15 mM Tris-HCl (pH 8.0), 50 mM KCl, 15 mM MgCl 2 , 50 pmol of each primer and 1.25 units of AmpliTaq gold polymerase (Perkin Elmer, Norwalk, CT, USA), and the following primers were used: PrPellf (5'-GGCAGGATC CTGGGCGCTGCGTCGCATCGGTGGCAG-3') and DPL-STOP-SR (5'-CTCGTCGACCTCTGTGGCTGCCAGCTT CATTGA-3') for Prnp/Prnd chimeric mRNA; DW189 (5'-GCTCCAAGCTTCAGAGGCCACAGTAGCA-3') and DW112 (5'-CGGTTGGTCCACGGCGACCCGAA-3') for Prnd mRNA (6) .
Odor recognition and discrimination test. Sixty-week-old mice were each placed in a transparent plastic cage (19x24.5x13 cm 3 ) with 2-cm-thick paper bedding, and the cage was covered by a wire-meshed lid. One ml of 2.5% lemon extract (Sunkist Growers, Tokyo, Japan) used to stain one side of a filter paper (5x5 cm) provided positive olfactory cues while the other side moistened with sterilized distilled water was used as a control. During the experiment, this filter paper was cellophane-taped on the wall inside the cage at a height of ~9 cm above the floor. To assess the mobility of mice, the cage was divided into 2 equal halves with a demarcation line, and the time required for the animal to move more than half of its body length (excluding tail) from one half to the other half of the cage was recorded with a digital stopwatch. Mobility levels were expressed as bisect/ sec. The cut-off time was designated as 300 sec. The cage was deodorized with isopropanol and dried after each test to prevent odor-induced repetitive exploratory behaviors (10) .
Dpl detection with Western blotting. Dpl was detected as previously described (11) . To fractionate tissue samples, 10% (w/v) homogenate was prepared in sterile PBS followed by sonication. After initial centrifugation at 600 x g for 15 min at 4˚C, the supernatant was further ultracentrifuged at 100,000 x g for 2 h at 4˚C. The pellet was suspended in ice-cold radioimmunoprecipitation assay (RIPA) buffer containing 10 mM Tris-HCl (pH 7.4), 1% deoxycholate, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate (SDS), 150 mM NaCl, 2 μg/ml aprotinin, and 2 mM phenylsulfonyl fluoride (PMSF). The protein concentration was determined by the Bradford assay according to the manufacturer's instructions (DC protein assay kit; Bio-Rad Laboratories Inc., Tokyo). Lysates were boiled in a 2-fold volume of sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) sample buffer [1 M Tris-HCl (pH 6.8), 200 mM dithiothreitol, 10% SDS, 2% bromophenol blue and 20% glycerol] for 5 min. The samples were then subjected to electrophoresis in 12% SDS-polyacrylamide gels and transferred to polyvinylidene difluoride (PVDF) membranes (Hybond-P, Amersham, Piscataway, NJ, USA) for 60 min at 15 volts. The membrane was blocked with Block Ace (Dainippon Pharmaceutical, Japan) overnight at room temperature. Primary anti-Dpl rabbit antiserum (a kind gift from Dr Chen) was diluted 1:2500 in PBS/0.1% Tween-20 containing 10% Block Ace and incubated for 1 h at room temperature. After washing thrice with PBS/0.1% Tween-20, the membrane was further incubated with horseradish peroxidase-conjugated anti-rabbit immunoglobulin antibodies (1:5000 dilution with PBS/0.1% Tween-20 containing 10% Block Ace) for 1 h at room temperature. Mouse hybridoma (T2) monoclonal antibody was used for PrP detection (12) . T2 was kindly provided by Dr Tagawa (National Institute of Animal Health, Japan). Hybridoma was purified with the MabTrap™ kit (Amersham) according to the manufacturer's instructions. After treatments with primary antibodies, the blot was incubated with horseradish peroxidase-conjugated anti-mouse Ig sheep F (ab') 2 fragment (1:5000 dilution), and subsequently washed thrice for 10 min in PBS/0.1% Tween-20. Blots were developed by exposing the ECL-enhanced chemiluminescence reagent (Amersham) to Hyperfilm™ MP (Amersham) before being automatically processed in an X-ray film processor (Konica, Tokyo).
Results
After Rikn Prnp -/-mice were sacrificed by anesthetic overdosage, histopathological studies were conducted (Fig. 1) . Rikn Prnp -/-mice stayed normal and healthy at ≤50 weeks of age. At >50 weeks of age, some Rikn Prnp -/-mice showed an onset of symptoms such as trembling gait, intentional tremors and kyphosis. However, such signs were not observed in WT and ZrchI Prnp -/-mice. At 80 weeks of age, most of the Rikn Prnp -/-mice showed vacuolar degenerations in the lemniscus trigeminalis and alveus (Fig. 1B and  C) . Intensive spongiform lesions and vacuolation of nerve cells were noted in the lemniscus trigeminalis (Fig. 1C) , while degenerated and vacuolated nerve cells were located in the brain stem (Fig. 1A) . Age-matched heterozygous or homozygous Prnp littermate mice showed no neurodegeneration in the brain regions (data not shown).
Although a 30.5% loss of mitral cells ( Fig. 2D and E) along with a thickening of the external plexiform layer were noted, Rikn Prnp -/-mice ≤50 weeks of age indicated no significant mitral cell loss. Mild histological changes in the olfactory bulb were observed from 60 weeks of age in Rikn Prnp -/-mice. While no pathological changes and loss of mitral cells were observed in the young (<60 weeks old) or elderly (>60 weeks old) ZrchI Prnp -/-, Ngsk Prnp -/-, Rikn Prnp +/-and WT mice ( Fig. 2A, C , and E), similar tendencies were noted in the accessory olfactory bulbs of all four mouse lines (WT, ZrchI, Ngsk, Rikn) (data not shown). Odor recognition was tested by excluding the influence of mobility (Fig. 2F) . In this test, a cage was divided into two freely accessible equal halves by a demarcation line. The staying time of mice in one half of the cage was recorded with the use of a stopwatch when half of the body length (excluding the tail) of the animals had moved to the other half of the cage. Each mouse >60 weeks of age was observed for 5 min. During the test, the WT, ZrchI Prnp -/-and Rikn Prnp -/-mice were placed on one half of the cage, and subjected to odorous stimuli with the scented filter paper for more than 150 sec. WT mice. To assess the mobility of mice, the cage was divided in two equal halves with a demarcation line, and time-related body movements of the mouse from one half to the other half of the cage were measured. The cut-off time was designated as 300 sec. Columns representing the mean ± standard errors of staying times on the side of the sterilized water (open) and the scented (2.5% lemon extract) filter paper (closed) are illustrated accordingly. Differences of * p<0.01 between two groups were considered significant, whereas differences of p>0.05 were considered not significant (NS) with the paired Student's t-test. Bars show mean and standard errors.
and ZrchI Prnp -/-mice immediately moved to the other half of the cage as the lemon extract was intensely stimulating to their olfactory sensations, whereas Rikn Prnp -/-mice stayed longer than WT and ZrchI Prnp -/-mice on the initial placement site despite exposure to the same stimulus. These results demonstrated that Rikn Prnp -/-mice showed a lower olfactory sensitivity than the other lines when subjected to the same odorous stimulus, implying that malfunctional effects of the olfactory bulb were probably induced during the process of aging.
To examine the glial fibrillary acidic protein (GFAP)-specific expression levels in the main and accessory olfactory bulbs of Rikn Prnp -/-mice, coronal sections were stained with the anti-GFAP antibody, and immunohistochemical findings of the brains were compared with age-matched WT mice. The main olfactory bulbs of Rikn Prnp -/-mice showed a higher number of astrocytes stained with GFAP antibodies (data not shown). At 20 weeks of age Rikn Prnp -/-mice indicated slight increases in astrocyte counts compared with WT and ZrchI Prnp -/-mice (data not shown). Moreover, the accessory olfactory bulbs of Rikn Prnp -/-mice showed a similar tendency with slight increases in astrocyte counts in the granular cell layer at >60 weeks of age (data not shown).
The correlation of apoptosis with histologically altered mouse brains was investigated by immunohistochemical studies using various antibodies. In 80-week-old Rikn Prnp -/-mice, mitral cells of the olfactory bulb were stained with the anti-single-stranded DNA (anti-ssDNA) antibody (Fig. 3A-C) . Expression of cleaved caspase-3 and caspase-10 was monitored to determine the apoptotic process in mitral cells. Mitral cells undergoing apoptosis showed cleaved caspase-3 expression (Fig. 3D-F (6) . On reviewing expression of chimeric mRNAs in the brain, a similar non-discriminative expression pattern without site-specificity was portrayed in the cerebrum, cerebellum and olfactory bulb (Fig. 4A) . RT-PCR using RNA (1 μg) from Rikn Prnp -/-mice demonstrated that Prnp/Prnd chimeric mRNAs were detected in the olfactory bulb, cerebellum and cerebrum with strong signals of 818 bp, modest signals of 717 bp, and weak signals of 981 bp.
Western blot analysis using a polyclonal antibody against recombinant Dpl revealed a strong Dpl band in the brains of Rikn Prnp -/-mice, but not in those of ZrchI Prnp -/-and WT mice (Fig. 4B) . Furthermore, PrP and Dpl were detected in the brains of Prnp +/-mice. Studies on the distribution of Dpl in the cerebrum, cerebellum and olfactory bulb in 5-to 100-week-old mice revealed that Dpl expression in these brain sites was age dependent (data not shown). The Dpl production level at 5 weeks of age was lower than that observed in the elderly mice (>60 weeks). In adult Rikn Prnp -/-mice (>7-8 weeks), expression levels of Dpl among the cerebrum, cerebellum and olfactory bulb in each age group remained at (Fig. 4B) . Although PrP was detected in Rikn Prnp +/-and WT mice (Fig. 4B ), histopathological alterations were limited to Rikn Prnp -/-mice. Dpl-induced abnormalities in the olfactory bulb were apparently suppressed by the induction of PrP in Prnp +/-mice (data not shown).
Discussion
Rikn Prnp -/-mice were generated by gene targeting. The entire Prnp with ORF and the 3' end of inform 2 were replaced with the pgk-neo gene (13) . Homologous recombinant embryonic stem (ES) clones were injected into blastocysts of C57BL/6 mice to induce chimera production. Heterozygously mutated (Prnp +/-) mice with generated chimeras were first crossed with C57/BL6J mice, then intercrossed to eventually yield the Rikn Prnp -/-mice (8,9 On Western blotting, the marked expression levels of Dpl among several brain regions (cerebrum, cerebellum and olfactory bulb) of Rikn Prnp -/-mice showed a similar tendency except in the young (5 weeks old), viz. the Dpl level of the cerebellum was lower than the cerebrum in 5-week-old mice. Immunohistochemical investigations with various antibodies were conducted to correlate apoptosis with Dpl production in the mouse brain. At 80 weeks of age, Rikn Prnp -/-mice exhibited an increased number of apoptosis-positive cells in the olfactory bulb, whereas none were found in age-matched WT and ZrchI Prnp -/-mice. Reactivities to cleaved caspase-3 and -10 antibodies were determined for a correlation with the apoptosis cascade in mitral cells of Prnp -/-mice. The mitral cells -/-mice. There are three possible explanations for these findings: i) our gene-targeting approach afforded replacement of more nucleotides in intron 2 with the pgk-neo gene compared with Ngsk Prnp -/-mice; ii) superoxide dismutase (SOD) activities in Rikn Prnp -/-mouse brains were significantly (p<0.01) lower than those in WT mouse brains; and iii) Dpl expression levels were probably higher in the olfactory bulb and cerebellum of Rikn Prnp -/-than those of ZrchII, Ngsk and Rcm0 Prnp -/-mice. Therefore, further studies to elucidate these possibilities are warranted. Note that in ii, differences in Cu, Zn-SOD and Mn-SOD activities between WT, Ngsk and Prnp transgenic Ngsk mice were not significant (18) . However, our previous report established that SOD activities are significantly lower in the brains of Rikn Prnp -/-mice compared to WT mice (19) . The results suggest that although Purkinje cells are the most vulnerable to Dpl toxicity, other brain neurons may not be spared Dpl-induced deleterious effects. This deleterious effect may be exacerbated by the suppression of SOD activity in Rikn Prnp -/-mice (19) . Therefore, it would be of interest to examine the involvement of the relevant molecules, such as reactive oxygen species, in the olfactory bulb and cerebellum in the course of neural degeneration.
The MHM2 (del 23-88 transgene), which encodes PrP lacking almost the entire octapeptide-repeat region, failed to prevent Purkinje cell death in aged Ngsk Prnp -/-mice (18) . Through probably a similar mechanism, the PrPΔ#1 clone (deficient in the entire octapeptide-repeat region) failed to prevent apoptosis in the PrP-deficient cell line (19) . The octapeptide repeat region has been demonstrated to be involved in copper binding (20) , SOD-like activity of PrP C (21) , and neuroprotection for Bax-induced apoptosis (22) . The qualitative differences in the anti-apoptotic function of PrP-deletion mutants correlate well with the level of SOD activity in transfected cell lines expressing PrP-deletion mutants (23) .
Dpl neurotoxicity executed in the absence of PrP is inhibited by PrP (24, 25) . Moreover, Dpl disturbs basolateral sorting of PrP in Madin-Darby canine kidney cells (26) . As such, further studies are warranted to clarify whether the mechanisms of PrP-related Dpl neurotoxicity and Dpl inhibition are related to basolateral sortings of the two proteins in vivo.
